Flock house virus (FHV) is a small icosahedral insect virus of the family Nodaviridae. Its genome consists of two messenger-sense RNA molecules, both of which are encapsidated in the same particle. RNA1 (3.1 kb) encodes proteins required for viral RNA replication; RNA2 (1.4 kb) encodes protein alpha (43 kDa), the precursor of the coat protein. When Spodopterajfrugiperda cells were infected with a recombinant baculovirus containing a cDNA copy of RNA2, coat protein alpha assembled into viruslike precursor particles (provirions) that matured normally by autocatalytic cleavage of protein alpha into polypeptide chains beta (38 kDa) and gamma (5 kDa). The particles were morphologically indistinguishable from authentic FHV and contained RNA derived from the coat protein message. These results showed that RNA1 was required neither for virion assembly nor for maturation of provirions. Expression of mutants in which Asn-363 at the beta-gamma cleavage site of protein alpha was replaced by either aspartate, threonine, or alanine resulted in assembly of particles that were cleavage defective. For two of the mutants, unusual structural features were observed after preparation for electron microscopy. Particles containing Asp at position 363 were labile and showed a strong tendency to break into half-shells. Particles in which Asn-363 was replaced by Ala displayed a distinct hole in an otherwise complete shell. The third mutant, containing Thr at position 363, was indistinguishable in morphology from authentic FHV.
Flock house virus (FHV) is a nonenveloped icosahedral insect virus of the family Nodaviridae (for a review, see reference 15) . Its genome consists of two single-stranded, messenger-sense RNA molecules (3, 18) , both of which are encapsidated in the same particle (19, 24) . RNA1 (3.1 kb) encodes protein A (112 kDa) (3, 8) , which is involved in RNA-dependent RNA replication (14, 22) . RNA2 (1.4 kb) encodes capsid precursor protein alpha (43 kDa) (1, 2, 8, 10) , most of which is cleaved into mature virion coat proteins beta (38 kDa) and gamma (5 kDa) . In addition to the genomic RNAs, FHV-infected Drosophila melanogaster cells synthesize a subgenomic RNA (RNA3, 0.4 kb), which is derived from RNA1 (11, 13) . It encodes protein B (10 kDa) (9) , whose precise function is not yet known.
Synthesis of viral progeny in FHV-infected tissue culture cells proceeds via immature nucleocapsids called provirions (12) . Provirions are icosahedral particles whose protein shell consists of 180 alpha subunits, presumably arranged with T=3 symmetry (16) . The assembly process triggers a proteolytic reaction in the 407-amino-acid alpha chain (12) , resulting in cleavage between residues Asn-363 and Ala-364 (16) . The cleavage products, proteins beta and gamma, remain part of the mature virion (16) . The reaction, which appears to be catalyzed by the coat protein itself (12) , occurs deep inside the virus particle near the RNA core (16) . The site is inaccessible to proteinase inhibitors and virus-precipitating antibodies (12) , and no conditions for blocking maturation are yet known.
Maturation of provirions has at least two functions: it is * Corresponding author.
required for acquisition of virion infectivity (23) , and it causes a substantial increase in particle stability (12) . The increase in particle stability suggests that the viral shell undergoes structural rearrangements, presumably involving conformational changes at the beta-gamma cleavage site. To gain an understanding of these rearrangements, the threedimensional structure of virus particles before and after maturation needs to be determined. The structure of the protein shell of mature FHV has already been solved to atomic resolution by X-ray crystallography (5) . Analogous studies on the structure of provirions, however, have been hampered by the fact that the spontaneous maturation process cannot be prevented by conventional methods. We (20) . In brief, cDNA fragments of FHV RNA2 encoding either wild-type or mutant coat protein alpha were placed under control of the polyhedrin promoter and inserted into the baculovirus genome by homologous recombination. Viruses containing the genes of interest were selected by occlusion-negative phenotype and purified by three to four rounds of plaque purification. All constructs used in this study are summarized in Table 1. mRNAs of coat protein alpha synthesized in recombinant baculovirus-infected S. frugiperda cells were expected to be considerably longer than the 1,400 bases composing authentic FHV RNA2 (Fig. 1) Purification of viruslike particles from recombinant baculovirus-infected S. frugiperda cells. Cleavage of coat precursor alpha to beta and gamma is dependent on assembly of virions and is not known to occur in the monomeric subunit (12) . Detection of protein beta in extracts of Acawt-infected cultures therefore suggested that cells contained some sort of assembly products, possibly FHV-like particles. To test this hypothesis, putative particles were released from infected cells on day 4 after infection and concentrated by pelleting through a sucrose cushion. Sucrose density gradient sedimentation of the resuspended pellet revealed the presence of material sedimenting at a rate expected for FHV particles (data not shown). Examination of this material by protein gel electrophoresis (Fig. 3A, lane 3 (Fig. 3B) , confirming their identity as FHV polypeptides. Electron microscopy revealed viruslike particles indistinguishable in morphology from authentic flock house virions (Fig. 4A and B) . They were referred to as sFHV-wild type (sFHV-wt). Cosedimentation of [35S]methionine-labeled sFHV-wt with [3H]uridinelabeled authentic FHV on sucrose density gradients showed that synthetic particles sedimented at 130S, i.e., about 5% more slowly than native particles (Fig. 5) , suggesting that they contained nucleic acid. This conclusion was further supported by the fact that the ratio of optical density of purified sFHV-wt particles at 260 nm to that at 280 nm was experimentally indistinguishable from that of authentic FHV ( Table 2 ). The yield of sFHV-wt from Acotwt-infected 100-ml cultures (2 x 108 cells) was about 1 to 2 mg (Table 2) .
S. frugiperda cells infected with AcaN363D, AcaN363T, or AcaN363A synthesized viruslike particles that were cleavage defective. The mutant particles, referred to as sFHV-N363D, sFHV-N363T, and sFHV-N363A, were similar to sFHV-wt in aspects such as sedimentation coefficient, optical density, and yield ( , x 166,000) . Magnification for all other panels, x 150,000. The particles in panel E appeared about 10% larger than those in panel B but did not differ in sedimentation rate on the sucrose density gradient (see Discussion). maturation (Fig. 3, lanes 4 to 6) even after incubation at 26°C for 3 months (data not shown). Thus, they are suitable for crystallographic analysis, which often requires long times for crystal growth.
Electron microscopy revealed a number of unusual structural features for two of the mutants. sFHV-N363D particles (Fig. 4C) were highly heterogeneous and appeared to be rather fragile. This was suggested by the fact that a substantial number of capsids displayed cracks or were split into half-shells. sFHV-N363A particles, on the other hand, contained holes of distinct size in an otherwise complete shell (panel D). sFHV-N363T particles (panel E) showed no distinctive morphological features but were indistinguishable from authentic FHV. This mutant was chosen for crystallographic analysis of the FHV provirion structure (6) .
RNA content of viruslike particles. To analyze the nature of nucleic acids encapsidated by synthetic particles, CsClpurified sFHV-wt was subjected to phenol-chloroform extraction and the resulting material was analyzed by agarose gel electrophoresis (Fig. 6A, lane 2) . Instead of the expected band of RNA2, the gel revealed a broad range of RNA sizes with an upper limit of about 4,500 bases, the sum of bases composing RNA1 and -2 of authentic FHV. The extracted nucleic acid was resistant to treatment with DNase but was digested by RNase (data not shown). Identical results were obtained with four independent preparations of sFHV-wt, suggesting that the broad range of RNA lengths observed was not a result of inadvertent degradation of the RNA during purification. In addition, viral RNA extracted in parallel from authentic FHV particles was always intact (Fig. 6A, lanes 3 to 5) .
To determine whether the encapsidated population of RNAs contained species derived from the alpha coat protein mRNA, the gel was subjected to Northern blot analysis using a minus-strand RNA2 probe. The broad range of molecular weights (Fig. 6B, lane 2) suggested that most of the hybridized RNA was fragmented, but the intensity of the hybridization signal suggested that a substantial fraction of RNA contained FHV-specific sequences. Moreover, no strong signals were observed for RNA from uninfected control cells (data not shown). To our knowledge, this is the first report that particles expressed from baculoviruses package nucleic acid. However, further studies will be required to determine what fraction of the packaged RNA is actually virus specific.
Two bands in the ethidium bromide-stained agarose gel and on the Northern blot could be distinguished from the remaining background. These bands corresponded in size to RNAs of about 2.1 and 4.0 kb. The 2.1-kb RNA presumably represented the intact alpha protein mRNA, which had terminated at the polyhedrin polyadenylation signal located about 500 bases downstream of the 3' end of the FHV RNA2 sequence (Fig. 1) . However, the polyhedrin gene contains at least two additional polyadenylation signals, 2.1 and 3.6 kb downstream of the first one (7) . The 4.0-kb RNA, therefore, might have represented a coat protein transcript that had terminated at the second polyadenylation signal. Further investigations are required to determine whether the encapsidated RNA also included cellular or AcMNPV RNA.
DISCUSSION
We have shown that viruslike particles of FHV (sFHV) could be expressed from recombinant baculoviruses in yields of 1 to 2 mg of particles per 100 ml of cultured cells, sufficient for crystallographic analysis of structural changes involved during maturation cleavage of the nodaviral shell. These studies also provide the first evidence that RNA1, which is required for replication of the FHV genome (11) , is dispensable for virion assembly.
sFHV-wt particles were similar in morphology and cleavage behavior to authentic FHV but sedimented 5% more slowly on sucrose density gradients. The slower sedimentation velocity might be due to a slightly larger diameter in sFHV particles or to encapsidation of a subnormal amount of RNA. Electron microscopy revealed no obvious differences in the diameters of authentic and synthetic particles, but a 5% increase taxes the limits of detection by this method. Arguing against a subnormal complement of RNA are the ratios of optical densities of synthetic and authentic particles at 260 nm to those at 280 nm (Table 2 ) and the narrow band widths on sucrose density gradients (Fig. 5) . RNA extracted from sFHV-wt was highly heterodisperse, ranging in size from several hundred to about 4,500 bases (Fig. 6) , and a much wider range of sedimentation velocities might have been expected had the amount of RNA packaged in each particle differed markedly.
One of the most striking results of our studies was the marked morphological differences among the three cleavagedefective mutants. The N363T mutants (Fig. 4E) were morphologically indistinguishable from particles containing wildtype protein (Fig. 4A and B) . However, a substantial fraction of the N363D mutants were split into half-shells (Fig. 4C) , and the N363A mutants displayed a discrete hole (Fig. 4D) . This difference indicates that the region occupied by Asn-363 is a critical element for the overall particle stability. Because all four of the sFHV particles cosedimented in solution, it is likely that they were properly assembled but acquired different morphologies by dissociation along distinctive pathways during preparation of the particles for electron microscopy. The largely intact degradation products suggest that the altered residues (Asp and Ala) add strain to the assembled subunits that is relieved in different ways for each mutation. If such dissociation pathways could be duplicated in solution, characterization of the subparticles produced might provide important insights into the assembly and dissociation of nodaviruses, much as the 5S and 14S subparticles provided a Rosetta stone for deducing the dissociation and assembly pathway of picornaviruses (21) . ACKNOWLEDGMENTS We are indebted to Paul Friesen for providing reagents and equipment during the early stages of this work and for encouragement throughout the course of this project. We gratefully acknowledge expert technical assistance provided by Julie Dickson and thank Guoji Wang for preparation of electron micrographs.
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